Abstract: Tungsten fibre nets reinforced tungsten composites (W f /W) containing four net layers were fabricated by spark plasma sintering (SPS), hot pressing (HP) and cold rolling after HP (HPCR), with the weight fraction of fibres being 17.4%, 10.5% and 10.5%, respectively. The relative density of the HPCRed samples is the highest (99.8%) while that of the HPed composites is the lowest (95.1%). Optical and scanning electron microscopy and electron back scattering diffraction were exploited to characterize the microstructure, while tensile and hardness tests were used to evaluate the mechanical properties of the samples. It was found that partial recrystallization of fibres occurred after the sintering at 1800 • C. The SPSed and HPed W f /W composites begin to exhibit plastic deformation at 600 • C with tensile strength (TS) of 536 and 425 MPa and total elongation at break (TE) of 11.6% and 23.0%, respectively, while the HPCRed W f /W composites exhibit plastic deformation at around 400 • C. The TS and TE of the HPCRed W f /W composites at 400 • C are 784 MPa and 8.4%, respectively. The enhanced mechanical performance of the W f /W composites over the pure tungsten can be attributed to the necking, cracking, and debonding of the tungsten fibres.
Introduction
Tungsten (W) with a high melting temperature, high erosion resistance, excellent thermal conductivity and low tritium retention has been applied in the manufacturing and electronic industries, lighting engineering, medical, aerospace and military fields, and more recently in the nuclear fields served as the plasma-facing materials [1] [2] [3] . However the inherent low-temperature brittleness and recrystallization or irradiation induced embrittlement of tungsten severely limit its application in the extreme conditions of simultaneous high temperature and high flux neutron irradiation [4] [5] [6] . So it is important to decrease the embrittlement of tungsten materials.
Two ways are usually employed to enhance the toughness of tungsten: one is by particle dispersion strengthening, and the other is via fibre reinforcement. Different from the dispersion strengthening by adding oxides like La 2 O 3 [7] and Y 2 O 3 [8] or carbides like TiC [9] and ZrC [10] particles, the fibre strengthening by adding fibres such as carbon fibres [11] , SiC fibres [12, 13] , short fibres of tantalum [14] and tungsten fibres [15] is considered to be an effective approach to improve the toughness via micro-cracking, twinning, bridging, debonding and pullout or a mixture of them [15] . [15] . Among the different fibres, tungsten fibres possess high strength, fine ductility, high recrystallization temperature (>1800 °C) and plastic rupture [16] , which could contribute substantially to the toughness of tungsten matrix. Riesch and Du et al. carried out extensive studies on small-size fabrication of tungsten fibre reinforced tungsten composites by chemical vapor infiltration or chemical vapor deposition [17] [18] [19] [20] [21] . Three-point bending and fibre pullout tests of the samples indicated that tungsten fibres could enhance the toughness of tungsten or tungsten alloy. However, on the economic aspect for low utilization rate of raw materials and harsh reaction conditions, chemical deposition method seems unfavorable. Composites of Wf/W have been prepared by powder metallurgical method, but the density of the materials needs to be improved [22, 23] and other preparation methods need to be exploited.
In our previous work [16, 24] , the spark plasma sintering (SPS) method was exploited to prepare tungsten-fibre reinforced tungsten composites (Wf/W), and compact composites were obtained because of the unique features of SPS (large pulsed DC current provides fast heating/cooling rate and short consolidation time, which helps obtain high density and fine grains). However, the non-uniform temperature distribution limits the large-scale production of Wf/W composites. Except for SPS, the hot pressing (HP) method is also used to consolidate composite materials, and is able to provide more uniform heat distribution and enables preparation of large-size samples. In addition, cold rolling is a promising method to enhance material properties due to the porosity reduction and texture evolution in the rolling process [25] , thus the cold rolling after HP (HPCR) may further improve the performance of the composites. In this work, different preparation methods based on SPS, HP and HPCR were exploited to prepare tungsten-fibre-net reinforced Wf/W samples. The influences of preparation method on the microstructure, Vickers hardness and tensile properties of the Wf/W composites were comparatively investigated.
Experimental Section

Preparation and Characterization
Commercial K-doped tungsten fibres with diameter of 150 μm were purchased from Honglu Molybdenum Company, Xiamen, China. The chemical composition of the fibres is given in our previous work [16, 24] . The theoretical density of the W fibres can be considered as 19.3 g/cm 3 , as same as the value of pure tungsten. Long tungsten fibres were woven into a net-like shape using a braider, as presented in Figure 1 . The fibres along the YO direction act as supporting effect of the nets, while the fibres along the XO direction (which is also the tensile and rolling direction) will play the major role in improving the toughness. The diameter of the nets is about 20 mm for SPS as shown in Figure 1a and about 60 mm for HP and HPCR as shown in Figure 1b . The enlarged picture at the part I in Figure 1b is shown in Figure 1I for clarity. In this work, each sample contained four tungsten-fibre-net layers according to the optimization of fibre contents in our earlier work [24] . Pure tungsten powders (purity > 99.9%, average particle size 600 nm) were ball-milled for 4 h in a planetary ball mill in argon atmosphere to increase the activity with a powder-to-ball weight ratio of 1:8 and rotation speed of 240 rpm. During ball milling, tungsten carbide balls and mortars were used to minimize the possible contamination by impurities. Tungsten fibre nets were buried in the tungsten powders. To keep a roughly equal distance between the net layers (about 750 µm), equal amount of W powder was put into the space between the neighboring net layers. The fibre mass fraction in the composite was calculated just by weighting the fibres and matrix powders respectively before mixing.
The samples with the diameter of 20 mm were sintered by spark plasma sintering (SPS, FCT systeme GmbH, Rauenstein, Germany) according to the procedure as described in [26] , which is shown in Figure 2a again for clarity, where the temperature was 1800 • C and the pressure was 47 MPa. The samples with the diameter of 60 mm were sintered in a hot-pressing vacuum furnace (HP, Shanghai Chen Xin Electric Furnace Co., Ltd., CXZT-60-23Y, Shanghai, China) with a heating or cooling rate of about 10 • C/min. The detailed temperature and pressure profile of the HP sintering program were illustrated in Figure 2b : (i) heated from room temperature to 700 • C and held for 60 min; (ii) heated to 1300 • C and held for 180 min; (iii) heated to the sintering temperature 1800 • C and held for 90 min; and (iv) cooled down to room temperature (RT). At the same time, the pressure in the graphite die was increased linearly to 56 MPa with a changing rate of about 0.28 MPa/min, held for 300 min and then decreased to zero. After that, The HPed samples were preheated in a high temperature furnace (KSL-1100X, Hefei Kejing Materials Technology Co., Ltd., Hefei, China) at 1100 • C for 5 min, and then rolled by a rolling machine (Wuxi Guancheng Machinery Co., Ltd., Wuxi, China) with the roller radius of 100 mm, the roller length of 200 mm and the rotating speed of 500 r/min [27] . The samples were also preheated between the successive rolling. The HPed plates were rolled three times with a total thickness reduction of 38%. Hereafter, the cold rolled HPed samples were abbreviated as HPCRed ones. Pure tungsten powders (purity > 99.9%, average particle size 600 nm) were ball-milled for 4 h in a planetary ball mill in argon atmosphere to increase the activity with a powder-to-ball weight ratio of 1:8 and rotation speed of 240 rpm. During ball milling, tungsten carbide balls and mortars were used to minimize the possible contamination by impurities. Tungsten fibre nets were buried in the tungsten powders. To keep a roughly equal distance between the net layers (about 750 μm), equal amount of W powder was put into the space between the neighboring net layers. The fibre mass fraction in the composite was calculated just by weighting the fibres and matrix powders respectively before mixing.
The samples with the diameter of 20 mm were sintered by spark plasma sintering (SPS, FCT systeme GmbH, Rauenstein, Germany) according to the procedure as described in [26] , which is shown in Figure 2a again for clarity, where the temperature was 1800 °C and the pressure was 47 MPa. The samples with the diameter of 60 mm were sintered in a hot-pressing vacuum furnace (HP, Shanghai Chen Xin Electric Furnace Co., Ltd., CXZT-60-23Y, Shanghai, China) with a heating or cooling rate of about 10 °C/min. The detailed temperature and pressure profile of the HP sintering program were illustrated in Figure 2b : (i) heated from room temperature to 700 °C and held for 60 min; (ii) heated to 1300 °C and held for 180 min; (iii) heated to the sintering temperature 1800 °C and held for 90 min; and (iv) cooled down to room temperature (RT). At the same time, the pressure in the graphite die was increased linearly to 56 MPa with a changing rate of about 0.28 MPa/min, held for 300 min and then decreased to zero. After that, The HPed samples were preheated in a high temperature furnace (KSL-1100X, Hefei Kejing Materials Technology Co., Ltd., Hefei, China) at 1100 °C for 5 min, and then rolled by a rolling machine (Wuxi Guancheng Machinery Co., Ltd., Wuxi, China) with the roller radius of 100 mm, the roller length of 200 mm and the rotating speed of 500 r/min [27] . The samples were also preheated between the successive rolling. The HPed plates were rolled three times with a total thickness reduction of 38%. Hereafter, the cold rolled HPed samples were abbreviated as HPCRed ones. 
Testing Procedure
The density of samples was determined by Archimedes principle. The sintered samples and the inlaid original wire were polished and then chemically etched with a 10% aqueous solution of K3Fe(CN)6 and NaOH. The distribution of the tungsten fibres in the composites was investigated by optical microscopy (ZEIZZ-Axio Scope.Al, Carl Zeiss AG, Oberkochen, Germany). The Vickers micro-hardness of the sample was tested by the Vickers Indenter (HV-1000 A, Laizhou ITC Test Instrument Co., Ltd, Laizhou, China) at room temperature with a load of 200 g and a dwell time of 10 s. The hardness of matrix was tested along the direction either perpendicular or parallel to the pressing direction, either close to or away from the fibre. Each sample was indented for 8 times in different locations and the average value was adopted.
In order to obtain information about the grain size, aspect ratio of grains, angles of grain boundary and anisotropy or isotropy of fibre and matrix in samples, the Electron Back Scattering 
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The hardness of matrix was tested along the direction either perpendicular or parallel to the pressing direction, either close to or away from the fibre. Each sample was indented for 8 times in different locations and the average value was adopted. In order to obtain information about the grain size, aspect ratio of grains, angles of grain boundary and anisotropy or isotropy of fibre and matrix in samples, the Electron Back Scattering Diffraction (EBSD) measurements were carried out. The samples for EBSD were mechanically polished and then electro polished by NaOH (2%) aqueous solution. The EBSD data was collected and analyzed using the software of HKL Tango (Version-2010, Oxford Instruments, Oxford, UK) with the resolution rate of 80-90% and a step from 0.25 to 0.4 µm depending on the grain size, and the raw data was presented. Microstructure of the samples and the fracture surfaces of the tensile tested samples were characterized with a field-emission scanning electron microscope (FESEM Sirion 200, FEI, Hillsboro, OR, USA).
The dog-bone-shaped tensile samples were cut along the XO direction with a working length of 5 mm as in [9] and a cross-section of 1.4 × 1.5, 1.4 × 2.2, 1.4 × 1.8 mm 2 for the SPS, HP, and HPCR samples, respectively. Tensile experiments were carried out at various temperatures using an Instron-5967 machine (Instron Corporation, Boston, MA, USA) with a constant displacement rate of 0.06 mm/min. In this work, the loading direction is parallel to the XO direction due to high mechanical performance [28] , the number of tested samples was three to five.
Results and Discussion
Density and Vickers Hardness
The mass fraction of W fibres, relative density and Vickers hardness of the W f /W composites are listed in Table 1 . The estimated mass fraction of fibres in SPSed, HPed and HPCRed samples is 17.4%, 10.5% and 10.5%, respectively. As listed in Table 1 , the relative densities of the SPSed (97.5%) and HPed composites (95.1%) are a little lower than that of the HPCRed samples (99.8%), which is close to 100% of pure dense tungsten. The overall average hardness of fibres in composites is approximately 537 ± 7 HV 0.2 for all three kinds of samples, which is about 100 HV 0.2 smaller than that of the original tungsten fibre (623.6 ± 11 HV 0.2 ) due to the grain growth of fibre in the sintering process [29] , and more details will be analyzed in the following sections. Indicated by the lower density, the hardness of the matrix in the HPed samples (331.3 ± 8 HV 0.2 ) is lower than that of the SPSed (431.3 ± 8 HV 0.2 ) and HPCRed samples (488.2 ± 810 HV 0.2 ). 
Distribution of Fibres
To investigate the distribution of the tungsten-fibre-nets in the SPSed, HPed and HPCRed samples, cross-sectional optical micrographs of the samples with a low magnification are shown in Figure 3 . Due to different grain size and grain orientation, the fibres and matrix show different corrosion extent by the etching solution. All the darker areas indicate the tungsten fibres, where the wave strips are the fibres in YO orientation while the round circles represent fibres in XO orientation. From Figure 3a it can be seen that the fibres distribute neatly in the net layer of the SPSed samples, and the net layers are separated one by one with a nearly equal distance. In the HPed samples (Figure 3b ), the fibre layers are also evenly and regularly aligned. After cold rolling, the HPCRed samples are much thinner so that a slight variation in the fibre distribution and orientations can be obtained from the tomographic visualization as shown in Figure 3c . Before the rolling phase of preparation, the fibres have a circular shape with an interlayer spacing of about 560 µm. After rolling, the fibres present elliptical shape with The SEM images are presented in Figure 4 for (a) SPSed, (b) HPed and (c) HPCRed samples fractured at RT. It can be seen that there is no debonding seen in any of the samples between the tungsten fibre and the matrix. In addition, the cross section of fibre in the SPSed and HPed samples is almost circular, while that in the HPCRed samples is elliptical with an aspect ratio of about 5:2 owing to the rolling. Figure 5a shows the EBSD results of the original and sintered W fibres, where the black lines mean the high-angle grain boundaries (θ > 10°) while the gray lines mean the low-angle grain boundaries (θ < 10°). Figure 5(a1) shows the EBSD results of the original W fibres. The ZO direction is perpendicular to the XO and YO directions. The texture of the original tungsten fibre is <101> as shown in Figure 5 (a2). Figure 5 (a1) also indicates that the grains of the original tungsten fibre are tens of microns long in the XO direction and several microns wide in the YO and ZO directions, corresponding to a length/width aspect ratio of about 5.2:1 (as shown in Figure 5(a3) ). It is interesting to note that the elongated mother-grains (θ > 10°) are composed of fine equiaxed sub-grains (θ < 10°) with the grain size less than 1 μm. In addition, the ratio of small angle grain boundaries in the original fibres is as high as 60%. The SEM images are presented in Figure 4 for (a) SPSed, (b) HPed and (c) HPCRed samples fractured at RT. It can be seen that there is no debonding seen in any of the samples between the tungsten fibre and the matrix. In addition, the cross section of fibre in the SPSed and HPed samples is almost circular, while that in the HPCRed samples is elliptical with an aspect ratio of about 5:2 owing to the rolling. The SEM images are presented in Figure 4 for (a) SPSed, (b) HPed and (c) HPCRed samples fractured at RT. It can be seen that there is no debonding seen in any of the samples between the tungsten fibre and the matrix. In addition, the cross section of fibre in the SPSed and HPed samples is almost circular, while that in the HPCRed samples is elliptical with an aspect ratio of about 5:2 owing to the rolling. Figure 5a shows the EBSD results of the original and sintered W fibres, where the black lines mean the high-angle grain boundaries (θ > 10°) while the gray lines mean the low-angle grain boundaries (θ < 10°). Figure 5(a1) shows the EBSD results of the original W fibres. The ZO direction is perpendicular to the XO and YO directions. The texture of the original tungsten fibre is <101> as shown in Figure 5 (a2). Figure 5 (a1) also indicates that the grains of the original tungsten fibre are tens of microns long in the XO direction and several microns wide in the YO and ZO directions, corresponding to a length/width aspect ratio of about 5.2:1 (as shown in Figure 5(a3) ). It is interesting to note that the elongated mother-grains (θ > 10°) are composed of fine equiaxed sub-grains (θ < 10°) with the grain size less than 1 μm. In addition, the ratio of small angle grain boundaries in the original fibres is as high as 60%. Figure 5a shows the EBSD results of the original and sintered W fibres, where the black lines mean the high-angle grain boundaries (θ > 10 • ) while the gray lines mean the low-angle grain boundaries (θ < 10 • ). Figure 5(a1) shows the EBSD results of the original W fibres. The ZO direction is perpendicular to the XO and YO directions. The texture of the original tungsten fibre is <101> as shown in Figure 5 (a2). Figure 5 (a1) also indicates that the grains of the original tungsten fibre are tens of microns long in the XO direction and several microns wide in the YO and ZO directions, corresponding to a length/width aspect ratio of about 5.2:1 (as shown in Figure 5(a3) ). It is interesting to note that the elongated mother-grains (θ > 10 • ) are composed of fine equiaxed sub-grains (θ < 10 • ) with the grain size less than 1 µm. In addition, the ratio of small angle grain boundaries in the original fibres is as high as 60%. It is well known that the mechanical properties are determined by the microstructure of materials, so it is necessary to investigate the microstructure of a fibre and matrix in the sintered samples. The microstructure of fibres in the SPSed, HPed and HPCRed samples is clearly demonstrated by the EBSD results as shown in Figure 5b -d, respectively. According to the deformation texture analysis, the grain width at the edge of the fibre in SPSed samples is a little larger than that in the central, as shown in Figure 5(b1) . However, the texture of fibre in SPSed samples is <101>, which is consistent with the original fibre, as shown in Figure 5(b2) . On the other hand, the average aspect ratio of grains with misorientation angles θ > 10° is about 3.7:1 ( Figure  5(b3) ). From the grain boundary misorientation map shown in Figure 5(b4) , it can be noted that the It is well known that the mechanical properties are determined by the microstructure of materials, so it is necessary to investigate the microstructure of a fibre and matrix in the sintered samples. The microstructure of fibres in the SPSed, HPed and HPCRed samples is clearly demonstrated by the EBSD results as shown in Figure 5b -d, respectively. According to the deformation texture analysis, the grain width at the edge of the fibre in SPSed samples is a little larger than that in the central, as shown Figure 5(b1) . However, the texture of fibre in SPSed samples is <101>, which is consistent with the original fibre, as shown in Figure 5(b2) . On the other hand, the average aspect ratio of grains with misorientation angles θ > 10 • is about 3.7:1 ( Figure 5(b3) ). From the grain boundary misorientation map shown in Figure 5 (b4), it can be noted that the percentage of grains with misorientation angle <10 • decreases from the value of 60% in the original fibre to 31.5%. The elimination of some small angle grain boundaries indicates that partial recrystallization occurred in the SPS sintering process. For the HPed samples the texture of fibre is also <101>, as shown in Figure 5(c1,c3) . However, the average aspect ratio of grains with misorientation angles θ >10 • is about 3.2:1, as shown in Figure 5(c3) , which is a little smaller than that in the SPSed samples. The percentage of grains with misorientation angles θ < 10 • decreases to 26.8%, indicating that partial recrystallization occurred in the HP sintering process more severely than in the SPS process. For the HPCRed samples, however, the texture density of fibres in the XO direction decreases, and the orientation disperses along <111> in both the YO and ZO directions as shown in Figure 5(d1,d2) . According to Figure 5(d3) , the grains become longer and the average aspect ratio is about 5.8:1. Furthermore, the proportion of grains with θ < 10 • is increased to 31.6% ( Figure 5(d4) ). All the variation of the grains in the fibres could be attributed to the rolling process.
Microstructure of the Original and Sintered Fibres
As well known, high temperature annealing can result in reduction of dislocation density and elimination of some low-angle grain boundaries [30] . Therefore, during the high temperature sintering, stress in the grain of fibre is gradually released and the number of small angle grain boundaries decreases due to grain growth and coalesce. As a result, the percentage of grains with misorientation angle <10 • decreases from the value of 60% in the original fibre to 31.5% in SPSed and 26.8% in the HPed samples. However the grains are still filiform and the texture of fibre in both SPSed and HPed samples is almost same. On the other hand, the cold rolling exhibits the opposite effect to sintering, and after rolling the percentage of grains with misorientation angle <10 • increases from 26.8% in the HPed samples to 31.6% in the HPCRed samples. Meanwhile, pressure exerted in the ZO direction could result in grain elongation along the XO direction when sintering. This is why the average length-to-diameter ratio of the grain increased from 5.2:1 in the original fibres to 3.7:1, 3.2:1, and 5.8:1 in the fibres of the SPSed, HPed, and HPCRed samples, respectively.
Grains of Matrix
In order to research the influence of tungsten fibres on the size and misorientation angle of grains in matrix, the EBSD results of the matrix area near and far away from the tungsten fibres in the SPSed, HPed and HPCRed samples were studied. Figure 6 shows the EBSD results of the tungsten matrix near and far away from a fibre in the SPSed samples. There is no preferred orientation of tungsten grains as shown in the grain boundary-inverse pole figure map (Figure 6(a1) ). The average size of grains with misorientation angles θ > 10 • is 4.3 µm which is calculated from the distribution range from about 2 to 10 µm (as shown in Figure 6(a2) ), while the grains with small misorientation angle (θ < 10 • ) take a very small proportion (6.8%). As a contrast, Figure 6 (b1) shows the EBSD results of the W matrix far away from the fibre in the SPSed samples. There is also no preferred orientation of tungsten grain. However, the average size of grains with misorientation angles θ > 10 • and the percentage of grains with a small misorientation angle (θ < 10 • ) decreases to 3.6 µm and 4.2%, respectively.
For the HPed samples, the EBSD results of W matrix near and far away from tungsten fibre were shown in Figure 7 Figure 8 shows the EBSD results of tungsten matrix near and far away from tungsten fibre in the HPCRed samples, which is indicated by white (high-angle grain boundaries) and black lines (low-angle grain boundaries). Intuitively, tungsten grains in the matrix are elongated along the rolling direction in the HPCRed samples and the average grain length/width ratio is about 2.6:1 near the fibre (see Figure 8(a2) ) and 2.1:1 away from the fibre (see Figure 8(b2) ). There is also a large number of small angle grain boundaries and the proportion of grains with small misorientation angles (θ < 10°) is about 72.7% near the fibre (see Figure 8(a3) ) and 78.3% away from the fibre (see Figure 8(b3) ). Figure 8 shows the EBSD results of tungsten matrix near and far away from tungsten fibre in the HPCRed samples, which is indicated by white (high-angle grain boundaries) and black lines (low-angle grain boundaries). Intuitively, tungsten grains in the matrix are elongated along the rolling direction in the HPCRed samples and the average grain length/width ratio is about 2.6:1 near the fibre (see Figure 8(a2) ) and 2.1:1 away from the fibre (see Figure 8(b2) ). There is also a large number of small angle grain boundaries and the proportion of grains with small misorientation angles (θ < 10°) is about 72.7% near the fibre (see Figure 8(a3) ) and 78.3% away from the fibre (see Figure 8(b3) ). Figure 8 shows the EBSD results of tungsten matrix near and far away from tungsten fibre in the HPCRed samples, which is indicated by white (high-angle grain boundaries) and black lines (low-angle grain boundaries). Intuitively, tungsten grains in the matrix are elongated along the rolling direction in the HPCRed samples and the average grain length/width ratio is about 2.6:1 near the fibre (see Figure 8(a2) ) and 2.1:1 away from the fibre (see Figure 8(b2) ). There is also a large number of small angle grain boundaries and the proportion of grains with small misorientation angles (θ < 10 • ) is about 72.7% near the fibre (see Figure 8(a3) ) and 78.3% away from the fibre (see Figure 8(b3) ).
To sum up, the EBSD results of all samples were shown in Table 2 . It can be seen that the W fibres embedded in the W matrix have great influence on the microstructure of the tungsten matrix during different sample preparation. In the SPS sintering process, because of the non-uniform current distribution and the higher density of fibre than matrix, the temperature is higher in and near the fibre, which can lead to grain growth in the fibre as shown in Figure 6 (a1), and result in the lower proportion of small angle grain boundaries (θ < 10 • ) and the larger grain size near the fibre. However, the exposure time to high temperature is not long enough to make the grains change from the strip-like to the equiaxed in tungsten fibres. In the HP sintering process, although the temperature is more uniform, the long exposure time to high temperature can result in a lower percentage of small angle grain boundaries in the fibre and the larger grain size in the matrix owing to the recrystallization.
In the HPCRed samples the plenty of small angle boundaries in the matrix both near and far away from the fibre and the small grain size of W matrix can be attributed to the severe plastic deformation and dynamic recrystallization during rolling, as in the cold rolled pure W samples [31] . To sum up, the EBSD results of all samples were shown in Table 2 . It can be seen that the W fibres embedded in the W matrix have great influence on the microstructure of the tungsten matrix during different sample preparation. In the SPS sintering process, because of the non-uniform current distribution and the higher density of fibre than matrix, the temperature is higher in and near the fibre, which can lead to grain growth in the fibre as shown in Figure 6 (a1), and result in the lower proportion of small angle grain boundaries (θ < 10°) and the larger grain size near the fibre. However, the exposure time to high temperature is not long enough to make the grains change from the strip-like to the equiaxed in tungsten fibres. In the HP sintering process, although the temperature is more uniform, the long exposure time to high temperature can result in a lower percentage of small angle grain boundaries in the fibre and the larger grain size in the matrix owing to the recrystallization. In the HPCRed samples the plenty of small angle boundaries in the matrix both near and far away from the fibre and the small grain size of W matrix can be attributed to the severe plastic deformation and dynamic recrystallization during rolling, as in the cold rolled pure W samples [31] . Table 2 . Small angle grain boundaries (θ < 10°) and grain size of the original fibre, the fibre and matrix in SPSed, HPed and HPCRed samples. 
Tensile Properties and Fracture Microstructure
Tensile tests were performed at different temperatures for the SPSed, HPed and HPCRed samples, and the curves of engineering stress versus strain were shown in Figure 9 . From such curves the average tensile strength (TS) and total elongation at break (TE) at different temperatures can be obtained. For the SPSed and HPed samples, there is almost no plastic deformation at 500 °C. When tested at 600 °C, the TS values of SPSed and HPed samples are 536 and 425 MPa, which are higher than that of pure tungsten [32] , while the TE values are 11.6% and 23.0%, respectively. Because the recrystallization occurred in the HP sintering process is more severe than in the SPS process as shown in Figures 6 and 7 , the smaller grain size in the matrix can enhance the TS at comparative temperature, and the SPSed samples with the smaller grain size exhibit higher TS. As for the HPCRed samples, it exhibits almost no plastic deformation at 300 °C, but the TS at 300 °C is as high as 816 MPa. When tested at 400 °C, the HPCRed samples undergo observable plastic 
Tensile tests were performed at different temperatures for the SPSed, HPed and HPCRed samples, and the curves of engineering stress versus strain were shown in Figure 9 . From such curves the average tensile strength (TS) and total elongation at break (TE) at different temperatures can be obtained. For the SPSed and HPed samples, there is almost no plastic deformation at 500 • C. When tested at 600 • C, the TS values of SPSed and HPed samples are 536 and 425 MPa, which are higher than that of pure tungsten [32] , while the TE values are 11.6% and 23.0%, respectively. Because the recrystallization occurred in the HP sintering process is more severe than in the SPS process as shown in Figures 6  and 7 , the smaller grain size in the matrix can enhance the TS at comparative temperature, and the SPSed samples with the smaller grain size exhibit higher TS. As for the HPCRed samples, it exhibits almost no plastic deformation at 300 • C, but the TS at 300 • C is as high as 816 MPa. When tested at 400 • C, the HPCRed samples undergo observable plastic deformation with a TE of 8.4% and a TS of 784 MPa. At 500 • C, the TE further increase up to 17.5% and the TS reduces to 750 MPa. The fracture energy of the HPCRed samples is obviously larger than that of the SPSed and HPed samples, because the proportion of small angle grain boundaries is higher than others in both the fibres and matrix. The mechanical properties of the composites were studied preliminary, and other methods will be used to improve that. and the TS reduces to 750 MPa. The fracture energy of the HPCRed samples is obviously larger than that of the SPSed and HPed samples, because the proportion of small angle grain boundaries is higher than others in both the fibres and matrix. The mechanical properties of the composites were studied preliminary, and other methods will be used to improve that. The ductile fracture surfaces of the SPSed, HPed and HPCRed tensile tested specimens were shown in Figure 10 . The SPSed (Figure 10a ) and HPed samples (Figure 10b) show fibre cracking and necking at 600 °C, which can be seen more clearly from the insets. In the HPCRed samples, fibre crack can be identified in Figure 10 (c2) at 400 °C and Figure 10 (d2) at 500 °C, whereas the matrix shows intergranular fracture behavior in both cases. This suggests that the enhanced tensile strength of the HPCRed samples over the SPSed and HPed samples can be mainly attributed to the elongated grains. However, a necking behavior instead of a plastic plateau after reaching the ultimate stress makes the HPCR method a bit defective, and whether a modified HPCR method is satisfied to obtain compact and tough Wf/W composites needs more research. 
Conclusions
Tungsten-fibre-net-reinforced tungsten composites (Wf/W) containing four layers of nets with enhanced fracture energy were synthesized by three different methods including spark plasma sintering (SPS), hot pressing (HP), and cold rolling after hot pressing (HPCR). The total thickness of the SPSed, HPed and HPCRed samples were 2.18, 3.52 and 2.08 mm, respectively, with corresponding fibre mass fraction of 17.4%, 10.5% and 10.5%, respectively. The microstructure, tensile property and fibre texture of these samples were investigated. The main results derived from such investigations can be concluded as follows:
The relative density of all samples was above 95.10%, while the highest relative density of 99.80% is reached in the HPCRed samples. The hardness of the sintered fibres in all samples is around 537 HV0.2 which is smaller than the value of the original fibres (about 624 HV0.2). The proportion of grains with low misorientation angles <10° decreased from the value of 60% in the original fibre to 27-32%. However, the texture of fibres is not significantly affected by the high temperature (1800 °C) sintering, which is <101> in fibre direction. These results indicate that partial The ductile fracture surfaces of the SPSed, HPed and HPCRed tensile tested specimens were shown in Figure 10 . The SPSed (Figure 10a ) and HPed samples (Figure 10b) show fibre cracking and necking at 600 • C, which can be seen more clearly from the insets. In the HPCRed samples, fibre crack can be identified in Figure 10 (c2) at 400 • C and Figure 10 (d2) at 500 • C, whereas the matrix shows intergranular fracture behavior in both cases. This suggests that the enhanced tensile strength of the HPCRed samples over the SPSed and HPed samples can be mainly attributed to the elongated grains. However, a necking behavior instead of a plastic plateau after reaching the ultimate stress makes the HPCR method a bit defective, and whether a modified HPCR method is satisfied to obtain compact and tough W f /W composites needs more research.
and the TS reduces to 750 MPa. The fracture energy of the HPCRed samples is obviously larger than that of the SPSed and HPed samples, because the proportion of small angle grain boundaries is higher than others in both the fibres and matrix. The mechanical properties of the composites were studied preliminary, and other methods will be used to improve that. The ductile fracture surfaces of the SPSed, HPed and HPCRed tensile tested specimens were shown in Figure 10 . The SPSed (Figure 10a ) and HPed samples (Figure 10b) show fibre cracking and necking at 600 °C, which can be seen more clearly from the insets. In the HPCRed samples, fibre crack can be identified in Figure 10 (c2) at 400 °C and Figure 10 (d2) at 500 °C, whereas the matrix shows intergranular fracture behavior in both cases. This suggests that the enhanced tensile strength of the HPCRed samples over the SPSed and HPed samples can be mainly attributed to the elongated grains. However, a necking behavior instead of a plastic plateau after reaching the ultimate stress makes the HPCR method a bit defective, and whether a modified HPCR method is satisfied to obtain compact and tough Wf/W composites needs more research. 
The relative density of all samples was above 95.10%, while the highest relative density of 99.80% is reached in the HPCRed samples. The hardness of the sintered fibres in all samples is around 537 HV0.2 which is smaller than the value of the original fibres (about 624 HV0.2). The proportion of grains with low misorientation angles <10° decreased from the value of 60% in the original fibre to 27-32%. However, the texture of fibres is not significantly affected by the high temperature (1800 °C) sintering, which is <101> in fibre direction. These results indicate that partial 
Tungsten-fibre-net-reinforced tungsten composites (W f /W) containing four layers of nets with enhanced fracture energy were synthesized by three different methods including spark plasma sintering (SPS), hot pressing (HP), and cold rolling after hot pressing (HPCR). The total thickness of the SPSed, HPed and HPCRed samples were 2.18, 3.52 and 2.08 mm, respectively, with corresponding fibre mass fraction of 17.4%, 10.5% and 10.5%, respectively. The microstructure, tensile property and fibre texture of these samples were investigated. The main results derived from such investigations can be concluded as follows:
The relative density of all samples was above 95.10%, while the highest relative density of 99.80% is reached in the HPCRed samples. The hardness of the sintered fibres in all samples is around 537 HV 0.2 which is smaller than the value of the original fibres (about 624 HV 0.2 ). The proportion of grains with low misorientation angles <10 • decreased from the value of 60% in the original fibre to 27-32%. However, the texture of fibres is not significantly affected by the high temperature (1800 • C) sintering, which is <101> in fibre direction. These results indicate that partial recrystallization of fibres occurred at the 1800 • C sintering processes. To avoid such partial recrystallization of fibres lower sintering temperature should be adopted.
The SPSed and HPed W f /W composites begin to exhibit ductile behavior at 600 • C. The tensile strength of the SPSed and HPed samples at 600 • C is 536 and 425 MPa, and the total elongation at break is 11.6% and 23.0%, respectively. The HPCRed W f /W composites however, begin to exhibit plastic deformation at 400 • C, and the TS and TE are 784 MPa and 8.4%, respectively. The enhanced mechanical performance of the W f /W composites can be attributed to the necking, cracking, and debonding of fibres.
